A sensitive Anaplasma marginale-specific 409-base pair DNA probe was developed in a previous study for detection of A. marginale infection in experimentally infected cattle with a test that employed slotblot and in situ hybridization. To test the suitability of the probe to detect A. marginale in the blood of naturally infected carrier cattle, slot-blot hybridization was used to determine the infection rate of A. marginale in cattle from 3 geographic areas in Oklahoma. For comparison, blood samples from the same cattle were also examined by light microscopy and were tested by the complement fixation test. For the DNA hybridization assay, the probe was labeled with digoxigenin 11-dUTP by polymerase chain reaction (PCR). DNA was extracted from blood using the QIAamp blood kit and then applied to a nylon membrane and hybridized with the probe. The study herds consisted of 31 beef cows in Harper County, OK, and 42 and 70 dairy cows from Payne and Pittsburg counties, OK, respectively. In the 3 herds, 80.6%, 92.8%, and 57.1% of the cows were positive for A. marginale as assessed with the DNA hybridization assay. In contrast, only 25.8% and 2.86% were complement
fixation positive in 2 herds, and no complement fixation positives were found in 1 herd. Uncountable parasitemia that was too low to accurately determine (< 0.01%) from 29.0%, 4.8%, and 11.4% of the samples, respectively, was demonstrated by microscopic examination. All samples positive by complement fixation and microscopic examination had positive probe reactions in the DNA hybridization assay. Therefore, the PCR-mediated nonradioactive DNA probe described here may be useful in epidemiologic investigations and in identification of carrier cattle. This assay could be adapted for use in diagnostic laboratories because it is sensitive, specific, nontoxic, quickly executed, and inexpensive.
Anaplasma marginale, an arthropod-borne intraerythrocytic rickettsia, is the causative agent of bovine anaplasmosis. 19 The rickettsial organism invades and multiplies in bovine erythrocytes, causing severe anemia, weight loss, abortion, and sometimes death during acute infection. 19 Cattle surviving acute disease may become permanent carriers and may serve as reservoirs. 7, 23, 25 Currently, the disease is the only major ticktransmitted disease of cattle in the United States. 17 Annual mortality and morbidity in US beef cattle due to anaplasmosis has been estimated at 50,000-100,000 head, with production losses of $300 million. 17 One of the major constraints for effective control of anaplasmosis has been a lack of accurate epidemiologic information, especially in the detection of A. marginale infection in carrier cattle in which parasitemia may be inapparent by microscopic examination. 13 In addition, serodiagnostic tests currently in use 3, 18, [20] [21] [22] Received for publication January 22, 1996. from uninfected vaccinated cattle. 11, 12, 15, 16 Although some sensitive and specific radioactively labeled nucleic acid probes have been developed for detection of A. marginale in carrier cattle and/or ticks, 1,2,5,6,10,11,24 biohazard of the radioactive compound, short term of storage, and extensive detection time of these probes have limited their use in routine diagnosis.
Recently, a 409-base pair (bp) DNA probe derived from the msp-1ß gene 4 of A. marginale was labeled with digoxigenin (DIG)-11-dUTP by a polymerase chain reaction (PCR) assay. 9 The probe was A. marginale specific when tested with 17 species of microorganisms, including A. ovis, Babesia bovis, and B. bigemina. 9 The probe can detect A. marginale DNA from approximately 1,000-10,000 infected erythrocytes in 1.25 ml of whole blood, which is equivalent to a parasitemia level of 0.00001%. 9 Microscopically inapparent parasitemias were also detected with the probe for 2 months after recovery from acute disease in 2 chronically infected splenectomized cattle. 9 In the present study, we report on the use of this PCR-mediated nonradioactive DNA probe to determine the infection rate of A. marginale in cattle from 39 3 geographic areas in Oklahoma and on the ability of the probe to detect A. marginale in naturally infected carrier cattle. The sensitivity of the probe was compared with that of the complement fixation (CF) test and microscopic examination of stained blood smears.
Materials and methods
Cattle. Three herds of cattle was selected for this study: 31 beef cattle from Harper County in northwestern Oklahoma and 42 and 70 dairy cows from Payne County in central Oklahoma and Pittsburg County in southeastern Oklahoma, respectively. The beef herd in Harper County had an outbreak of anaplasmosis 5 mo prior to this study (S. A. Ewing, unpublished data). There was no history of preventive tetracycline treatment in either dairy herd, and earlier serologic surveys using CF tests and fluorescent antibody showed numerous seropositive animals. 14, 20 Two 5-ml blood samples were collected from each animal in ethylenediaminetetraacetic acid (EDTA) anticoagulant and nonanticoagulant tubes for DNA probe hybridization, microscopic examination, and the CF test.
Controls. Positive control blood samples included 6 10fold serial dilutions of Anaplasma-infected blood of known parasitemia from an experimentally infected calf added to uninfected blood at final concentrations of 10-1,000,000 infected erythrocytes/ 1 x 10 10 total erythrocytes. Negative controls included blood samples collected from 3 cattle that repeatedly tested negative for anaplasmosis by CF test, the DIG-labeled 409-bp DNA probe, 9 and microscopic examination over a period of 2 mo.
Microscopic examination. Blood smears were prepared from samples collected in EDTA anticoagulant tubes and stained. a A positive sample was defined as a blood smear in which at least 5 typical A. marginale inclusion bodies were identified.
CF test. Serum from each blood sample was separated by centrifugation at 3,000 x g and aliquoted for the CF test, which was performed at Oklahoma Animal Disease Diagnostic Laboratory (OADDL) as described previously. 20 Sera with titers of ≥ 5 in which none of the sheep erythrocytes were hemolyzed were defined as positive reactors.
Extraction of DNA. A blood kit (QIAamp b ) was used to isolate DNA from bovine blood. A volume of blood containing 1 x 10 10 erythrocytes from each animal was washed 2 times with phosphate-buffered saline (PBS; 0.137 M NaCl, 10 mM Na 2 HPO 4 , 3.2 mM KH 2 PO 4 ) to remove the buffy coat. The erythrocytes were lysed by freeze-thawing and mixing with an equal volume of double-distilled water, after which the hemoglobin was removed by washing pelleted cells (13,000 x g for 3 min) with PBS. The pellet was resuspended in 200 µl PBS, mixed with 25 µl protease b and 200 µl buffer (AL b ) by vortexing for 15 sec, and incubated at 70 C for 10 min. After mixing with 210 µl of 100% ethanol, the lysate was applied to a spin column b centrifuged at 13,000 x g for 1 min, and washed twice with 500 µl of buffer (AW). DNA was eluted with 200 µl of distilled water preheated to 70 C. Control samples containing an equal volume of erythrocytes as test samples were processed as above.
DNA hybridization assay. The procedures used for generation of the DIG-labeled 409-bp DNA probe and slot-blot hybridization were followed as described previously. 9 A 409bp DNA fragment derived from the msp-1ß gene 4 of A. marginale was amplified and simultaneously labeled with DIG-11-dUTP c by the PCR assay. The resulting DIG-labeled 409bp PCR product was purified by ethanol precipitation and used as a probe for slot-blot hybridization. For the DNA hybridization assay, DNA samples were first treated and bound to nylon membranes d using a slot-blot minifold apparatus e and then prehybridized without the probe and then hybridized with the denatured DIG-labeled 409-bp DNA probe overnight. The membrane was washed with decreasing concentration of standard saline citrate. The DIG-labeled probe was immunologically detected with anti-DIG Fab fragment conjugated to alkaline phosphatase c and the appropriate substrate system. The positive reaction was determined and quantitated by comparison of color intensities of test samples with those of positive controls.
Results
In the 3 herds, microscopic examination detected 9 of the 31 cattle (29.0%) in Harper County, 2 of the 42 cows (4.8%) in Payne County, and 8 of the 70 rows (11.4%) in Pittsburg County as positive for A. marginale (Table 1) (Table 1 ). In 6 10-fold serial dilutions of positive controls, a faint band appeared on the fourth dilution that contained 1,000 infected erythrocytes and corresponds to a parasitemia level of 0.00001% (Fig. 1) . The sensitivity of the probe was confirmed at least as sensitive as described previously. 9 Considerable variations in color intensities of probe reaction indicated various levels of parasitemias among cattle. Compared with the positive controls, the positive animals had para- sitemia levels between 0.00001% and 0.001%. No probe reactions were observed in negative control samples.
Among the total 143 cattle examined, all the samples positive by CF and microscopic examination were correlated with the DNA hybridization assay (Fig. 2) . Likewise, no negative probe reactions were observed in the samples positive by CF and microscopic examination. However, 94 samples negative by CF and 85 samples negative by microscopic examination showed positive probe reactions in the DNA hybridization assay. The DNA hybridization was considerably more sensitive in detection of carrier infections than either the CF test or microscopic examination (Fig. 3) .
Discussion
A number of radioactive nucleic acid probes have been developed for detection of A. marginale. 8 An RNA probe was developed to detect and quantitate A. mar- ginale in 6 experimentally infected carrier cattle, and Harper County, 67% in Payne County, and 93% in 0.01 ng of Anaplasma genomic DNA and as few as 500-1,000 infected erythrocytes were detectable. 6 Parasitemia levels of 0.000025-0.0025% among carrier cattle were detectable with this probe. 6 In another study, a 2-kbp DNA probe was used and the results were compared with those of the CF test and the indirect immunofluorescence (IIF) test for detection of naturally infected carriers in an enzootic region of Washington state. 11 As assessed by the probe, 98.5% of cattle were positive, with parasitemia levels between 0.00005% and 0.0005%, 92.3% of samples were seropositive with the IIF, and only 9.2% were seropositive as determined by the CF test. 11 A similar pattern was observed in the present study; the DIG-labeled DNA probe showed the highest sensitivity ( Fig. 3 ) and detected 80.6% (25/31), 92.8% (39/42), and 57.1% (40/ 70) positive carriers with parasitemia levels of 0.00001-0.001% in 3 selected herds from different geographic regions of Oklahoma. In contrast, with the CF test only 25.8% (8/21) and 2.86% (2/70) of the cattle were positive in two locations and no positives (0/42) were found in the third location. Microscopic examination results correlated better with the probe results than did the CF results, suggesting that microscopic examination is more sensitive than the CF test (Fig. 2) . The sensitivity of the nonradioactive DNA probe was comparable to that reported for 2 radioactive probes developed previously, 6, 11 and all the probes were much more sensitive than the CF test.
The herd in Harper County had an outbreak of anaplasmosis in January 1995, in which 4 animals showed acute infections (S. A. Ewing, unpublished data). Five Dermacentor albipictus ticks randomly collected from each of 9 cattle in the herd were tested with the same DNA probe as used for this study, and 23 of the 45 ticks were positive for A. marginale. Companion ticks from the same cattle were pooled and transferred to a splenectomized calf; some of these ticks reattached, and the animal developed anaplasmosis after a latent period of 22 days. The present study was conducted 5 months after that outbreak. The CF test revealed a much higher percentage of positive animals and higher antibody titer (20 vs. 10) in this herd than in the 2 dairy herds in Payne County and Pittsburg County. Some animals in the beef herd might still have had high titers of anti-Anaplasma antibodies. Pittsburg County. 14 As shown in the present study and the study carried out in Washington state, 11 the CF test was much less sensitive than DNA probe in detecting carrier infections. Other workers have also reported that the CF test was unable to identify some proven carriers. 12, 16 All of these results suggest that the seropositivity for anaplasmosis as assessed by the CF test might be lower than actual prevalence of A. marginale infection in Oklahoma cattle.
With the blood kit used for extraction of DNA from bovine erythrocytes in this study, the time required for sample digestion and DNA extraction was significantly shortened; the entire procedure for 60 samples could be completed in 2 consecutive days. In the protocol provided by the manufacturer, whole blood was used directly for protease digestion and residual hemoglobin was left on the spin column, eluted into purified DNA samples, and then stained the nylon membrane. The stain on the membrane could not be removed and, therefore, interfered with the color precipitate of probe reaction. To avoid this problem in the present study, the hemoglobin in blood sample was removed before digestion. Using this procedure, a larger volume of whole blood could be processed in a single extraction. This was especially useful for the present study, in which DNA extraction was made from larger amounts of whole blood.
In slot-blot DNA hybridization assay, blood samples collected from 3 cattle that repeatedly tested negative for anaplasmosis by CF test, the DIG-labeled 409-bp DNA probe, and microscopic examination over a period of 2 months were used as negative controls in every assay performed. However, the possibility of false-positive results cannot be absolutely excluded. The method currently used to identify animals as Anaplasma free is to subinoculate uninfected splenectomized calves. Because of the large number of animals (143) tested in this study, it would not be affordable for to carry out this type of testing.
